Olov Sterner
Division of Organic Chemistry 2, Lund University, S-221 00 Lund, Sweden (Received for publication May 27, 1996) Nidulal (1), a novel inducer of differentiation of human HL-60 promyelocytic leukemia cells, was isolated from fermentations of the basidiomycete Nidula Candida together with low amounts of niduloic acid (2) . Both compoundsare bisabolane sesquiterpenes. Their structures were elucidated by spectroscopic methods. In reporter gene assays nidulal (1) preferentially activated the transcription factor complex AP-1 -mediated expression of secreted alkaline phosphatase in COS-7 cells. In addition nidulal (1) and niduloic acid (2) exhibited weak cytotoxic and antibiotic activities.
Tumor cells differ from their normal counterparts by their ability to evade the regulatory mechanisms of their environment and to propagate in an uncontrolled fashion. Amongthe phenotypic abnormalities in acute leukemia is a lack of granulocytes, macrophages and platelets caused by the inability of the neoplastic leucocytes to undergo terminal differentiation and eventually apoptosis. The human HL-60 leukemia cell line is an excellent model for a study functional and morphological differentiation in vitro, because the cells can be induced to differentiate into granulocytes or monocytes/macrophages1^Differentiation may be followed by apoptosis, a process of active DNA fragmentation^. The induction of differentiation and apoptosis are regulated by a network of signal transduction pathways and transcription factors which are possible targets for a rational antitumor therapy3). In the course of a screening for fungal metabolites inducing the differentiation of HL-60 cells, the new compoundnidulal (1) and low amounts of another new bisabolane sesquiterpene niduloic acid (2) were isolated from cultures of the basidiomycete Nidula Candida. In this paper the fermentation of Nidula Candida, the isolation, physicochemical properties and structure determination of nidulal (1) and niduloic acid (2) (Fig. 3) , as well as biological properties of nidulal (1) are described.
Materials and Methods General
Spectral data were recorded on the following instru-1189 ments: UV, Perkin-Elmer 116; IR, Bruker IFS48; EI-MS and HREI-MS, Jeol JMS-SX102 spectrometer (direct inlet, 70eV); NMR, Bruker ARX500. The XH NMR (500MHz) and 13C NMR(125MHz) spectra were recorded at room temperature with an inverse 5mm probe equipped with a shielded gradient coil. COSY, HMQC and HMBC experiments were performed with gradient enhancements using sine shaped gradient pulses, and for the 2D heteronuclear correlation spectroscopy the refocusing delays were optimised for 1/CH= 145 Hz and 27CH= 10Hz. The raw data were transformed and the spectra were evaluated with the standard Bruker UXNMR software (rev. 941001). The optical rotation was measured with a Perkin Elmer 141 polarimeter with a cell path of 10cm. Melting points, which are uncorrected, were determined using a Reichert microscope, and TLCexperiments were performed on Merck silica gel 60 F254 precoated plates.
Producing Organism
Fruiting bodies of Nidula Candida, strain 87220 were collected in Port Albani, Canada. They show all characteristics of the genus and species4). The strain is deposited in the culture collection of the LB Biotechnologie, Universitat Kaiserslautern. Fermentation For maintenance on slant agars and submerged cultivation, Nidula Candida was grown in YMGmedium composed of: yeast extract 0.4%, malt extract 1%; glucose 0.4%, pH 5.5 and agar, 1.5% for solid media. A well grown seed culture of Nidula Candida (200 ml) in YMGwas used to inoculate 20 liters of YMGmedium in a Biolafitte C6 fermenter. The fermenter was incubated at 22°C with an aeration rate of 3 liters air/minute and agitation (1 20 rpm) . The production of active compounds was followed by measuring the induction of differentiation of HL-60cells by various concentrations of a crude extract.
Isolation
After 4 days the culture broth (18 liters) was extracted with EtOAc(10 liters). Evaporation of the organic phase yielded a crude extract (2.6g) which was applied to a column (2.5 x 20cm) containing silica gel (Merck 60; 5x 15cm).
After elution with cyclohexane-EtOAc (75 :25) an enriched product (600mg) was obtained.
Bioassay-guided (differentiation assay with HL-60 cells) fractionation of this product by preparative HPLC (LiChrosorb CN, column 2.5 x 25cm) with cyclohexane : tert-buty\ methyl ether 1 : 3 as eluant) yielded pure nidulal (1) (51mg), and in addition niduloic acid (2) (1.2mg).
Biological Assays
The antimicrobial spectra, cytotoxicity and macromolecular syntheses in whole HL-60 cells (ATCCCCL 240) were measured as described previously5 102.6 C-9; 49.5 C-3; 31.6 C-6; 30.0 and 29.9 C-l and C-5; 25.6; C-2 and C-4; 10.9 C-13. MS (El, 70eV) 
Results
Production of Nidulal (1) and Niduloic Acid (2) The production of nidulal (1) and niduloic acid (2) started 2~3 days after inoculation of fermentations of Nidula Candida (Fig. 1) . The activity of the crude extract in the differentiation assay peaked after approximately 4 days. The extraction of the culture broth and isolation of nidulal (1) is described in the experimental section. In 1191 addition to 1, smaller amounts of niduloic acid (2) were obtained from the same chromatography fraction.
Structural Elucidation of Nidulal (1) The structures of nidulal (1) and niduloic acid (2) are shown in Fig. 2 . Mass spectroscopic analyses of nidulal (1) suggested that its elemental composition is C1 5H16O5 which is in agreement with the ID NMRdata (given in Materials and Methods). The structure should therefore have 8 unsaturations. The elucidation of the structure is based on the correlations observed in 2D NMR spectroscopy (COSY, HMQC, HMBCand NOESY), of which the pertinent HMBC correlations are shown in Fig. 3 . The signals for the cyclohexane protons were not well resolved in the *H NMRspectrum, possibly due to the restriction in the free rotation around C-6/C-7 by the C-8 keto function. This makes C-l slightly different from from 6-H to C-7 can be observed in the HMBC spectrum, and in addition also weak correlations from 6-H to C-8 and C-l4. A long-range COSYcorrelation between 6-H and 14-H (0.7 Hz) as well as HMBCcorrelations between l-H2/5-H2 and C-7, and between 14-H and C-7 as well as C-6 support the suggested attachment of the C-7/C-14 double bond to C-6. The chemical shifts for 14-H (8.00
ppm) and C-14 (172.2ppm) as well as the large 1JCH
(196Hz) observed in the coupled 13C NMRspectrum support that C-14 is both oxygenated and the b-carbon of an a,b-unsaturated ketone. Besides the HMBCcorrelations from 14-H to C-6, C-7 and C-8, a correlation is also observed to C-9. The chemical shift of C-9 (102.6ppm) suggests that it is an acetal carbon, and a HMBC correlation to C-9 is also observed from 10-H. An allylic 1H-1H coupling between 10-H and 13-H3, and HMBCcorrelations between 13-H3 and C-10, C-l l and C-12 as well as between 10-H and C-ll and C-12, shows that the final fragment of nidulal (1) must be a lactol ring with C-9 as the acetal carbon. It has not been possible to assign the relative stereochemistry of nidulal (1) . The two substituents on the cyclohexane ring are trans and equatorial, as suggested by the NOESY correlations between 3-H and l-Hax/5-Hax as well as 6-H and 2-Hax/4-Hax, but from NMRdata it is not possible to determine the configuration of C-9 compared to C-6. Since nidulal shows no optical activity, it appears to be a racemic mixture.
Structural
Elucidation of Niduloic Acid (2) Niduloic acid (2) has the same molecular weight and elemental composition as nidulal (1), and the two compounds are obviously related. The 6-membered ring in the bisabolane skeleton is oxidised to a cyclohexene in compound 2, as shown by the proton spin system from 2-H via 1-H2, 6-H, and 5-H2 to 4-H2. HMBCcorrelations (Fig. 3 ) from 4-H2 and 5-H2 to C-3 show that the C-2/C-3 double bond is part of the 6-membered ring, and not exocyclic. C-1 5 is oxidised to a carboxylic acid in niduloic acid (2) , and a correlation between 2-H and C-15 could be observed in the HMBC spectrum. The HMBC correlations from 6-H were all very weak, also to C-7, but long-range COSYcorrelation between 6-H and 8-H as well as 14-H (not resolved in the *H NMRspectrum) as well as NOESYcorrelations between both 8-H and 14-H and 1-H2, 5-H2 as well as 6-H show that the two olefinic protons are in the vicinity of C-6. 8-H also gives a HMBCcorrelation to C-6, even if this was not observed for 14-H. The chemical shifts for 8-H, 14-H, C-8 and C-14 suggest that they, together with C-7 and C-9 constitute a 2,4-disubstituted furan, and the HMBC correlations between l-H2/5-H2 and C-7 show that this is attached to the cyclohexene ring at C-7. 14-H also gives a HMBC correlation over the furan oxygen to C-9, to which a a-methylacrylic acid moiety is attached. The correlations observed in this are similar to those discussed above for C-10/C-ll/C-12/C-13 in nidulal (1) . The observed NOESYcorrelations between 10-H and 8-H as well as 13-H3 support the suggested structure, and the presence of two free carboxylic functions in niduloic acid (2) is indicated by the enhancement of its Rf-value in chromatographic systems containing small amounts of acid (see Materials and Methods).
Biological Properties
Nidulal (1) Treatment of HL-60 cells with TPA or TNF-a (2 ng/ml) resulted in an induction of differentiation of 60-70% and 25-35%, respectively.
In the controls without additions 4-8% of HL-60 cells differentiated spontaneously. At the same concentration of (1) (72juM) only 5-10% of U-937 cells differentiated (Table  2) . Retinoic acid, used as a positive control, induced 30-40% of the cells to differentiate. Controls without induction contained 1-2% spontaneously differentiated U-937 cells. Electrophoresis of total DNAfrom HL-60 cells treated with 72 /xm nidulal revealed an induction of DNAfragmentation after 96 hours which was comparable to retinoic acid (5/ig/ml) as positive control (data not shown). In addition nidulal inhibited the proliferation of HL-60 and U-937 cells at concentrations starting from 72jiiM up to 182/iM. Cellular DNA-, RNA-, and protein Metabolic activity was measured by XTT reduction. Transfection of COS-7cells with an SEAPreporter gene plasmid containing the SV-40 minimal promotor and 3 x TPAresponse element (TRE) and induction with 50ng/ml TPAresulted in a 10 fold activation over the basal level of SEAP expression (Fig. 4) . Stimulation of the cells with 140 jllm (40 /^g/ml) nidulal induced the AP-1 mediated SEAP-expression 2.5 fold as compared to the uninduced control. In contrast to the AP-1 mediated SEAP expression, the NF-tcB, CREB and glucocorticoid receptor dependent SEAPexpression was not influenced by the addition of nidulal (Fig. 4) . These results indicate a first hint for a more selective activity of (1) . In order to determine the effect of (1) Other Biological Activities
Nidulal exhibits weak antibiotic activities.
In the serial dilution assay the MICs for Salmonella typhimurium TA98, Nematospora coryli and Ustilago nuda were determined to 72~181^m and 181^-362jUM for Nematospora coryli and Penicillium notatum.
In the test for mutagenicity according to Ameset al. no induction of revertants of S. typhimurium TA98and TA 100 could be observed with 100fig of nidulal/plate (pour plate assay with and without addition of rat liver microsomes).
Niduloic acid (2) induces the differentiation of 152 5% of HL-60 cells at a concentration of 36/xm. An inhibition of proliferation of HL-60 cells could be observed at concentrations ranging from 72fiM up to 144fiM. In the reporter gene assay with COS-7 cells (2) increased the AP-1 dependent SEAPexpression 3 fold at a concentration of 144fiM. Niduloic acid showed also weak antibiotic activity against the yeast Nematospora coryli.
Discussion
Nidulal (1) transduction in a manner similar to TPA. In the gel shift assay a change of binding activities is observed when HL-60 cells are induced by nidulal (1) . This may be the result of a changing composition of the proteins of the AP-1 complex (cJun i cJun or cJum cFos) during differentiation. Similar effects on AP-1activation are observed with TPA, which is a strong inducer of HL-60 cell differentiation. AP-1 activation has been reported to be important for TPA induced differentiation in HL-60 and U-937 cells by Haas15). Thompson 
